The neutral form of the chromophore in wild-type green fluorescent protein (wtGFP) undergoes excited-state proton transfer (ESPT) upon excitation, resulting in characteristic green (508 nm) fluorescence. This ESPT reaction involves a proton relay from the phenol hydroxyl of the chromophore to the ionized side chain of E222, and results in formation of the anionic chromophore in a protein environment optimized for the neutral species (the I* state). Reorientation or replacement of E222, as occurs in the S65T and E222Q GFP mutants, disables the ESPT reaction and results in loss of green emission following excitation of the neutral chromophore. Previously, it has been shown that the introduction of a second mutation (H148D) into S65T GFP allows the recovery of green emission, implying that ESPT is again possible. A similar recovery of green fluorescence is also observed for the E222Q/H148D mutant, suggesting that D148 is the proton acceptor for the ESPT reaction in both double mutants. The mechanism of fluorescence emission following excitation of the neutral chromophore in S65T/H148D and E222Q/H148D has been explored through the use of steady state and ultrafast time-resolved fluorescence and vibrational spectroscopy. The data are contrasted with those of the single mutant S65T GFP. Time-resolved fluorescence studies indicate very rapid (<1 ps) formation of I* in the double mutants, followed by vibrational cooling on the picosecond time scale. The time-resolved IR difference spectra are markedly different to those of wtGFP or its anionic mutants. In particular, no spectral signatures are apparent in the picosecond IR difference spectra that would correspond to alteration in the ionization state of D148, leading to the proposal that a low-barrier hydrogen bond (LBHB) is present between the phenol hydroxyl of the chromophore and the side chain of D148, with different potential energy surfaces for the ground and excited states. This model is consistent with recent high-resolution structural data in which the distance between the donor and acceptor oxygen atoms is e2.4 Å. Importantly, these studies indicate that the hydrogen-bond network in wtGFP can be replaced by a single residue, an observation which, when fully explored, will add to our understanding of the various requirements for proton-transfer reactions within proteins.
Introduction
The transfer of a proton between donor and acceptor groups is a fundamental chemical reaction that occurs throughout chemistry and biology. Many enzymes catalyze proton-transfer reactions, 1-3 while in respiratory complexes the coupling of proton and electron transfer results in movement of protons across a membrane and the establishment of a proton gradient that can then be used for the synthesis of ATP. 4, 5 The rate of proton transfer is governed by the energy required to bring the reactants together, the magnitude of the barrier that must be crossed (or potentially tunneled through) during the actual proton-transfer process, and the energy required to separate the products of the reaction. 6 Once the reactants are positioned, the ability of the proton to be transferred is modulated by the factors that influence the nature of hydrogen-bonding interactions, 7 such as the dielectric of the local environment, the distance between donor and acceptor groups, and their relative pK a values. These factors can conspire to reduce or eliminate the barrier between donor and acceptor groups, and there has been extensive discussion of the role of low-barrier hydrogen bonds in, for example, enzyme catalysis. 8,9 † Stony Brook University. ‡ Harwell Science and Innovation Campus. § University of East Anglia. Biological systems in which proton transfer is initiated by light absorption are particularly attractive as model systems for understanding the detailed physical and chemical aspects of these reactions. One such system is the green fluorescent protein (GFP), a commonly used tool in cellular and molecular imaging owing to the presence of an intrinsically fluorescent chromophore formed autocatalytically from residues S65, Y66, and G67. [10] [11] [12] [13] Alterations in the structure of residues in and around the chromophore perturb the photophysics of GFP, allowing a detailed correlation to be established between chromophore structure and fluorescence. In wild-type GFP (wtGFP), excitation into either the neutral (λ max 395 nm, A) or anionic (λ max 475 nm, B) forms of the chromophore results in very efficient green (λ em 508 and 504 nm, respectively) fluorescence. [14] [15] [16] The 508 nm emission following excitation of A arises from an anionic species formed in the excited state (I*) by deprotonation of the chromophore and concomitant protonation of the E222 carboxylate group (Figure 1 ). The directly excited B* and indirectly excited I* states differ in that the former has an environment optimized for the anionic form while the latter retains the unrelaxed neutral environment. Only very weak short-lived emission is detected from the neutral form following excitation at 395 nm. 17 The A* to I* excited-state proton-transfer (ESPT) reaction has been studied in detail and occurs via a hydrogenbond network comprising a water molecule and the side chain of S205, that results in protonation of the E222 carboxylate side chain. 18, 19 Replacement of residues directly involved in proton transfer such as E222 or that modulate the orientation of these residues such as S65 disables ESPT and results in loss of green emission from I*.
Many mutants of GFP have been generated in order to expand the range of applications of fluorescent proteins. One common change involves the replacement of S65, a residue directly involved in chromophore formation, with a threonine (S65T). 18, 20 This mutation leaves the conjugated part of the chromophore (where the excitation is localized) unchanged but modifies the side chain. Unlike wtGFP, the chromophore in S65T is sensitive to pH, and conversion between A and B forms of the chromophore occurs with a pK a of 6. 21, 22 Thus, S65T GFP acts as a pH sensor. In addition, at physiological pH the anionic B form predominates, thereby increasing the fluorescent signal resulting from direct excitation of this form of the chromophore. The mutation of S65 to a threonine alters contacts between the side chain of this residue and E222, causing the side chain of the latter to move so that it can no longer participate in ESPT. 18, 21 Thus, for S65T, the I* state cannot form, and excitation into A results in only weak fluorescence directly from A*.
S65T has been used as the foundation for the generation of additional fluorescent proteins. Intriguingly, Remington and colleagues demonstrated that replacement of H148 with an aspartate results in the recovery of green fluorescence following excitation of the A state. 21 H148 is situated close to the chromophore's phenolic hydroxyl residue, leading to the suggestion that the carboxylate of D148 is the proton acceptor for ESPT in this mutant. In the current work we have explored the excited-state dynamics of S65T/H148D GFP using steady-state and ultrafast time-resolved fluorescence (TRF) and ultrafast TR infrared (TRIR) spectroscopies, and we have contrasted them with the single mutant S65T GFP. These studies indicate that excitation of the A state in the double mutant leads to very rapid formation of the anionic chromophore (cro) in the excited state (I*). However, unlike wtGFP, there is no evidence for a change in ionization state of a carboxylate residue upon formation of I*, leading to the hypothesis that a low-barrier hydrogen bond is present between the phenol hydroxyl and the carboxylate of D148 in the ground state, and that electronic excitation results in rapid translational motion of the proton along the cro‚‚‚H‚‚ ‚D148 potential energy surface. This hypothesis is supported by additional experiments which show that green fluorescence following A state excitation can also be recovered in E222Q GFP by introduction of the H148D mutation. This interpretation of the dynamics and spectroscopy of the H148D mutants is in accord with the recent high-resolution structural data from Remington and co-workers, demonstrating the presence of a very short (e2.4 Å) hydrogen (H)-bond between the chromophore phenol oxygen and D148 in S65T/H148D. 23 The consequences of the H148D mutation for radiationless decay of the I* state are described. 
Experimental Section
Plasmids containing the gene for wtGFP and S65T GFP in the pRSETb vector were obtained from Prof. Rebekka Wachter (Arizona State University). The mutations E222Q and H148D were incorporated using the QuikChange mutagenesis kit (Stratagene). The following primers were used for mutagenesis are given in Table 1 with the mutation shown in bold. Following transformation of BL21-DE3/pLysS cells (Stratagene) with the appropriate plasmid, protein was expressed overnight at 25°C in the presence of 0.8 mM IPTG (Fisher). Subsequently, cells were lysed using a French press, centrifuged for 45 min at 33,000 rpm, and the protein was purified by metal-affinity chromatography using Ni-NTA resin (Novagen). Fractions containing pure GFP were combined and dialyzed against 20 mM potassium phosphate pH 7.5 buffer containing 300 mM sodium chloride and then were concentrated using Microcon YM10 centrifuge filters (Millipore). An overnight, room-temperature chymotrypsin digest (1 mg per 50 mg GFP) was used to cleave the affinity tag, which was then removed by passing the reaction mixture through fresh Ni-NTA resin. The extent of chromophore maturation in the mutants was comparable to that observed for wtGFP. TRIR and TRF experiments were typically conducted at pH 6.5-7.5 in order to minimize problems associated with protein aggregation that occurred at lower pH. For experiments conducted in D 2O, proteins were exhaustively exchanged with solvent deuterium by repetitive cycles of lyophilization and reconstitution with D 2O. Due to instability of the GFP mutants at low pH, TRIR experiments were conducted using protein samples in pH 7.5 buffer.
Absorbance spectra were acquired with a Cary 100 Bio UV/visible spectrophotometer (Varian) while steady-state fluorescence spectra were acquired using a Fluorolog-3 fluorimeter (Jobin Yvon-Spex). Quantum yields (Φf) were estimated using wtGFP (Φf ) 0.8) as a standard. 13 The ability of the GFP mutants to photoconvert, for example via irreversible decarboxylation of an acidic residue, was studied using both an unfiltered Hg lamp and selected wavelengths generated by an argon-ion laser. The off-resonance Raman instrument and analysis methods have been described previously. 22 The two instruments employed for ultrafast spectroscopy are based in the Ultrafast Spectroscopy Laboratory of the UK Central Laser Facility, and have been described in detail elsewhere. 19, 24 The TRIR spectrometer measures IR difference spectra as a function of time after excitation with a sub-200 fs, 400 nm pump pulse. The pump pulse energy was <1 µJ focused to a spot size >200 µm, and a broadband difference frequency IR pulse generated from signal and idler of a BBO ( -barium borate)-based optical parametric amplifier was used as the probe. The time resolution was about 400 fs, and the spectral resolution, 3 cm -1 . Typical sample concentrations were 1 mM, and the sample was rastered in the beam to eliminate photodamage. The IR spectrum of water vapor was used to calibrate the TRIR data.
In most measurements the relative angle between the pump and probe beams was set to the magic angle (54.7°) to suppress effects of orientational relaxation. However, additional data may be obtained from polarization-resolved measurements. The angle between the electronic and vibrational transition moments (θ) can be determined by exciting the samples with the 400 nm pump radiation polarized parallel or perpendicular to the linearly polarized IR probe. In either case the measured pump-on minus pump-off IR data were combined to generate the transient IR difference spectra at each delay time. For parallel and perpendicular polarization-resolved data θ is obtained from the anisotropy, D, defined as the ratio of parallel to perpendicular intensity in the TRIR difference spectra 25 via the relation The assumption is that the protein itself does not rotate significantly between excitation and probe pulses (which is reasonable on the picosecond time scale of the measurements reported here). Thus, for angles θ varying from 0 to 90°D may take values between 0.5 and 3. The calculation cannot distinguish between θ and θ + 180°, so two solutions exist. The application of the anisotropy method in assigning the observed vibrational modes has been discussed elsewhere. 25 The time-resolved fluorescence spectra were measured with the ultrafast Kerr gate method, which required even weaker excitation pulse intensities and sample concentrations of only a few micromolar. The spectral resolution was 4 nm, and the temporal resolution about 4 ps (determined by the polarizability anisotropy relaxation time of the CS2 gate). Thus, the Kerr gate method has a lower time resolution than the up-conversion method but yields better spectral resolution.
Results
Absorption and Fluorescence Spectra. Absorbance and fluorescence data of the GFP mutant, S65T/H148D, have been characterized and are in good agreement with earlier data. 21 The absorption spectrum of the double mutant shows two bands at 411 and 488 nm, which are assigned to the neutral and anionic ground states, respectively ( Figure 2 ). As observed for S65T, the absorption spectrum of S65T/H148D is sensitive to pH. However, introduction of D148 has caused the pK a observed for S65T (pK a ) 6.0) to increase to 7.8, 21 so that at pH 7.5 a far greater fraction of S65T/H148D is in the neutral form compared to S65T alone. Significantly the introduction of D148 has also caused the λ max of the neutral chromophore to redshift to 411 nm, a shift of 16 nm compared to wtGFP (395 nm) and S65T GFP (394 nm). In contrast, the λ max for the anionic chromophore in S65T/H148D is 488 nm, comparable to that of S65T (489 nm), but red-shifted relative to wtGFP (475 nm). The absorbance spectrum and pH sensitivity of E222Q/H148D are very similar to those of S65T/H148D, showing the red-shift of the dominant neutral peak to 410 nm and the appearance of an anionic shoulder at 485 nm at higher pH. Figure 2. Absorbance and excitation spectra in D2O of S65T and S65T/ H148D at pD 7.1 (normalized at 280 nm).
Fluorescence emission spectra from the two double mutants are also virtually identical. Each shows strong green fluorescence with a maximum at 508 nm. Thus, the emission spectrum following excitation of the neutral form is very similar to that of the wtGFP. The Φ f of the two mutants varies with pH, ranging from 0.05 at pH 5.5 to 0.15 at pH 7.5. This pH dependence of Φ f is similar to that reported by Remington and co-workers for S65T/H148D. 21 In deuterated buffer (pD 7.1), the 508 nm excitation spectrum of S65T/H148D shows two distinct maxima corresponding to the presence of both neutral and anionic chromophores. In contrast to the absorption spectrum, where the B form is the minor component, the excitation spectrum has almost equal intensity for excitation of A and B forms (Figure 2 ). The excitation spectrum of E222Q/ H148D is similar, showing both the neutral and anionic chromophores, and with a higher intensity of the B form than expected from the absorption spectrum. This disagreement between the excitation and absorption spectra suggests distinct fates for the two excitation pathways leading to the green emission.
Under steady-state conditions, the two double mutants show no A* emission upon neutral excitation, even when fully exchanged into deuterated buffer (which enhances the A* emission in wtGFP due to the slower proton transfer). This is in contrast to wt and S65T GFP. Despite the absence of a distinct A* emission, some underlying heterogeneity of the spectrum is suggested by its observed dependence on excitation wavelength. Specifically, as the excitation wavelength increases from 410 to 484 nm, the emission spectra of both S65T/H148D and E222Q/H148D narrow slightly on the blue edge (shown for S65T/H148D in Figure 3) . This leaves open the possibility that a weak red-shifted A* emission is hidden underneath the dominant I* emission.
To further investigate the excited-state chemistry of S65T/ H148D and E222Q/H148D, we have recorded the timedependent emission spectra of the proteins using the ultrafast Kerr gated method, and compared them with those for S65T GFP (Figure 4) . For S65T the early time spectra are dominated by a rapidly decaying blue-shifted A* emission. The emission is broad as was observed for the corresponding A* emission in wtGFP. 17 At longer times a narrow B* emission is also resolved which can be assigned to residual population of B form at pD 5.1. For the double mutants there is no evidence in the early time gated spectra for two distinct emission maxima arising from the decay of the A* and the concomitant formation of the I* states. In contrast to wtGFP, a single band is observed with a spectrum very similar to that of the I* emission of the wildtype which decays as a function of time after excitation. Detailed inspection of the normalized time gated spectra shows that the spectrum also narrows as a function of time after excitation ( Figure 5 ). The narrowing is most noticeable as a collapse of the fluorescence on the blue edge on the time scale of tens of picoseconds. No isoemissive point was observed. The time dependence displayed in Figures 4 and 5 is reminiscent of the excitation wavelength dependence reported in Figure 3 .
The wavelength-resolved time-dependent fluorescence intensity is similar in the two double mutant proteins ( Figure 6 ). The fluorescence measured at the red edge of the peak wavelength (515 nm) rises instantaneously within the 4 ps time resolution of the experiment and relaxes exponentially with a lifetime of approximately 300 ( 100 ps ( Table 2 ). In contrast, the decay at 490 nm is non-single exponential over the first 50 ps with a dominant fast component of 10 ( 3 ps and a slow relaxation component of 160 ( 40 ps which is similar to that observed at 515 nm. Critically, the time dependence of the fluorescence has been measured in both H 2 O-and D 2 Oequilibrated samples, and these are, within experimental limits, the same. This is in sharp contrast to the case in wtGFP, where deuteration dramatically slows the proton-transfer rate. 15, 16, 19, 27 These data suggest that there is a negligible barrier to proton transfer in the excited electronic state. The fast relaxation component reflects the dynamics of the spectral narrowing observed in the gated spectra ( Figure 5 ). We assign this component to vibrational cooling of the rapidly formed I* state (discussed below).
Vibrational Spectroscopy. Steady-state Raman spectra of the neutral forms of both double mutant proteins (pH 5.5) show chromophore vibrational modes similar to those of wtGFP and S65T, 22 with a dominant delocalized CdN stretch mode at 1554 cm -1 and CdC stretch at 1642 cm -1 (data not shown). For S65T these modes appear at 1560 and 1646 cm -1 , respectively. Thus, the 21 nm red-shift in λ max for A* excitation caused by introduction of D148 (394 to 415 nm) has had a remarkably small effect on the ground-state structure of the chromophore. This correlation is in line with previous observations where it was noted that, while solvent and environmental effects caused alterations in λ max for the neutral chromophore, they had little impact on positions of the normal modes. 22 For example, while λ max for the neutral model chromophore 4′-hydroxybenzylidene-2,3-dimethylimidazolinone (HBDI) is at 368 nm, 26 nm to the blue of the corresponding value for S65T, the CdC stretch mode for this compound is at 1641 cm -1 . In contrast, for the anionic form of the chromophore, there is a strong correlation between λ max and the position of normal modes in the vibrational spectrum, thus establishing a direct link between ground-and excited-state effects. 22 This correlation was previously rationalized by hypothesizing that the protein had evolved to accommodate the anionic form of the chromophore, since this is the fluorescent state. Thus, the present data suggest that the neutral ground-state structure of the double mutant is not markedly different to that found in S65T GFP; the red-shift in λ max must result primarily from selective stabilization of the excited state by the D148 mutation.
The time-resolved emission spectra of both double mutants are consistent with deprotonation of the neutral chromophore in the excited state (A*) to form the fluorescent I* state. This process mirrors the photochemistry of wtGFP, in which the abstracted proton is transferred through a H-bond network with E222 as the final proton acceptor. This H-bond network is disrupted in the S65T and E222Q mutant proteins, and recovery of ESPT in the S65T/H148D and E222Q/H148D double mutants is hypothesized to result from D148 acting as the proton acceptor. To shed further light on this possibility, TRIR spectra following 400 nm excitation have been collected at time delays between 1 ps and 2 ns after excitation for S65T GFP and the two double mutant proteins, and are compared with TRIR data for wtGFP (Figure 7 ). In wtGFP a temporal evolution of the TRIR spectrum is observed which can be assigned to formation of E222-COOH (1710 cm -1 ) and disappearance of the corresponding carboxylate (1565 cm -1 ). The rest of the spectrum is dominated by bleach modes which can be assigned to the chromophore and some shifts of protein modes in response to electronic excitation. 25, 27 In sharp contrast, the TRIR for the three mutants show only bleach and decay with no evolution in spectral profile. This is in agreement with the TRF ( 
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wtGFP, these mutants show a more rapid return to the ground state (e.g., approximately 300 ps bleach recovery for S65T/ H148D versus 3 ns for wtGFP) and no long-lived intermediates. This is in reasonable agreement with the excited-state lifetimes (Table 2) . Importantly, in the double mutant TRIR spectrum there is no evidence for formation of the neutral carbonyl of D148 or loss of the associated D148 carboxylate absorption, although the fluorescence spectra clearly show emission from the I* state. As noted above, in wtGFP these modes appear at 1710 and 1565 cm -1 , respectively. Similar frequencies are expected for D148, although a strengthening of H-bonding interactions involving this residue would cause a shift in υ COOH to lower frequency and a corresponding increase in frequency of the antisymmetric COO -, 28-30 and plausibly to a situation where these modes are obscured by other transients in the TRIR spectrum. However, this possibility is not supported by the polarization-resolved TRIR spectra (see below).
A further remarkable difference with wtGFP is the lack of a transient absorption around 1560-1580 cm -1 in either of the double mutants. This band has multiple origins in GFP mutants, but all are associated with the formation of the A* state. Isotope labeling was previously used to assign an instantaneous transient absorption in this region of the spectrum to the cro A* CdO in wtGFP. 25 Interestingly, S65T also shows the immediate formation of an absorption at 1560 cm -1 that could similarly be assigned to the A* CdO. Thus, there is substantial shift of the CdO stretch mode to lower wavenumber upon excitation, reflecting a weakening of the bond in response to photoexcitation-induced electronic rearrangement. 25 However, in S65T there is also a significant new bleach observed in a complex band around 1640 cm -1 , which is also observed in other mutants in which proton relay has been blocked. 31 The 1560-1580 cm -1 transient is also observed in those mutants, so protein modes shifted from 1640 cm -1 by interaction with A* may also contribute to absorption in this region of the spectrum. In contrast, for S65T/H148D and E222Q/H148D, the formation of I* from A* is so rapid that transients arising from A*, or protein modes perturbed by it, cannot be observed within the 400 fs time resolution of the TRIR experiment. The absence of a transient chromophore mode associated with I* in the two double mutants is consistent with previous TRIR studies on T203V/E222Q, 19 ,25 a GFP variant proposed to exist exclusively in the I ground state, 32 and in which no strong excited-state absorptions were observed in the TRIR spectra.
An intense promptly formed transient absorption can be observed at 1660 cm -1 in the spectra of both S65T/H148D and E222Q/H148D double mutants. This band, which relaxes on the hundreds of picoseconds time scale does not appear in the wtGFP magic angle spectrum (Figure 7a ). However, a mode at this frequency does appear with a sigmoidal shape in the parallel polarized transient absorption of wtGFP and was assigned as a protein mode. 25 Thus, the 1660 cm -1 mode observed here (Figure 7b-d) may be of the same protein origin. A plausible alternative assignment is to an excited-state mode of the chromophore itself. The measured anisotropy is similar to that for the ground-state CdO localized mode (Figure 8 ), indicating that the transient has its vibrational transition moment pointing in the same direction. This in turn suggests an assignment to the CdO mode of I*, formed during a prompt proton transfer. However, no such intense mode appears in wtGFP as I* is formed, or in mutants where I* is directly excited (e.g., T203V/ E222Q 10 ). The definite assignment of this mode as protein or chromophore localized requires isotopic substitution studies on the double mutants. 25 However, whatever the final assignment, the distinction between the double mutants and wtGFP TRIR spectra is once again very clear.
Finally, the bleach at 1600 cm -1 in wtGFP is reliably assigned to a stretching mode of the chromophore phenyl group, and is narrow in most GFP mutants. 25, 31 In S65T/H148D this band is much broader than in wt or S65T GFP. However, the high value of the anisotropy (Figure 8 ) is identical to that for the narrower wtGFP mode; such a high value of the anisotropy is characteristic of the phenyl mode, confirming that this is the same mode in the double mutant. This in turn suggests that the phenyl mode has been significantly broadened in the double mutant, presumably by the interaction between the phenolic group of the chromophore and D148.
A possible complication in TRIR is the potential for irreversible photoconversion of the sample to an anionic form of the chromophore. Absorption spectra before and after the experimental runs were examined, and no conversion was noted under these conditions. Further study with S65T/H148D using offresonance Raman indicated only limited photoconversion with much higher levels of exposure of UV light (a combination of 333, 351, and 363.8 nm at 30 mW and using a spot size of 1 cm 2 ) and requiring longer (>30 min) exposure (Figure 9) . A 2 h recovery time resulted in negligible return to the neutral form, implying this limited conversion is irreversible. Exposure to these wavelengths for greater than 2 h resulted in photobleaching of the sample. Importantly, these studies confirm that no appreciable photoconversion is expected under the irradiation conditions employed in the TRIR experiments. 
Discussion
The spectroscopic results for the two double mutants reveal a mechanism for ESPT which differs greatly from that of wtGFP. Specifically the ground-state A f A* spectrum is perturbed, the proton transfer is ultrafast (probably subpicosecond, Figures 6, 7 ) and insensitive to deuteration (Figure 6 ), and no distinct carbonyl mode can be assigned to the formation of the protonated acceptor. Rather than proton transfer through a network to a distant receptor, as occurs in the wild-type protein, the present results suggest an interpretation based on the existence of a low-barrier H-bond between D148 and the chromophore in which the proton participates in a polar covalent bond with both oxygens (Figure 10) . 33 This arrangement allows barrierless ESPT upon photoexcitation within a strongly coupled chromophore D148 complex, as illustrated in Figure 11 and discussed further below. Recent work by Remington and coworkers on the structure of S65T/H148D GFP provides concrete evidence of the presence of such a low-barrier H-bond in these mutants. This group has resolved the structure to 1.5 Å, revealing an extremely short (e2.4 Å) H-bond connecting the chromophore to D148 (S. J. Remington, ref 23) .
The interaction between the chromophore and D148 is evident in the TRIR spectrum, where the formation of a new H-bond is suggested by the perturbation of the phenol mode at 1600 cm -1 (Figure 7) . We interpret the observed broadening as indicative of either static or dynamic disorder, due to small changes in geometry around the shared proton, leading to significant shifts in the frequency of the phenol localized mode. The chromophore D148 interaction is also evident in the red-shifted electronic absorption spectrum of the A f A* transition. Raman and TRIR data suggest that ground-state modes not associated with the phenol ring are unperturbed by D148. Thus, the spectral shift mainly arises from stabilization of the chromophore excited Alternate H + Acceptor for H + Transfer in GFP A R T I C L E S electronic state. This is interpreted as arising from the formation of an extended H-bond leading to a localization of charge on the phenolic oxygen, such that the phenol develops a more quinoidal structure than is found in S65T or wtGFP. Another major difference in the TRIR spectra between S65T/ H148D and wtGFP is the absence of an excited-state absorption at 1560 cm -1 in the former. A band is observed at this position in S65T, as well as in wtGFP, and is assigned to the CdO absorption of A* and protein modes perturbed by interaction with it in both S65T and wtGFP. The absence of this band in S65T/H148D is consistent with the rapid formation of I* from A* within the time resolution of the TRIR measurements.
In both H148D mutants a temporal evolution in the protonation state of D148 was anticipated in TRIR on the basis of previous observations in wtGFP. 19 However, this is not observed. No transient CdO stretch mode due to the formation of aspartic acid was seen (expected above 1716 cm -1 ); 34 losses of the asymmetric (1576 cm -1 ) and symmetric (1410 cm -1 ) stretch modes of the ionized aspartate were also not observed, even though I* is formed promptly and exists for several hundred picoseconds. The absence of any change assignable to the protonation state of the carbonyl of D148 is unexpected (unlike the weak or undetectable contribution of I* which has been noted for other mutants 10 ). It suggests that the spectra of the initial ionic and final neutral states of D148 are not very different. We propose that the presence of a low-barrier H-bond in the ground state can explain the lack of evolution in our TRIR data. The polar covalent nature of the short H-bond between the phenolic proton and D148 implies the presence in the ground state of the neutral-like aspartic acid. Upon excitation, D148 does not change protonation state but merely binds the proton more tightly. Thus, no large shifts are observed in D148 vibrational modes. The proton-phenol oxygen bond however does change upon excitation, converting from a polar covalent to a hydrogen bond in an ultrafast barrierless process ( Figure  11 ). This allows for the instantaneous appearance of the anionic chromophore and green fluorescence. This is very different from the situation in wtGFP, where the proton acceptor, E222, converts from the ionized to the acid form upon chromophore excitation, with the conversion observed in the TRIR spectra.
An important question with regard to the mechanism is whether or not A* fluoresces prior to proton transfer. While the narrowing at the blue edge of the emission spectrum with a 10-20 ps time constant might indicate the presence of shortlived A* fluorescence, the absence of an isoemissive point argues against a simple two-state model. In addition, the lack of observable isotope effects argues against a distinct A* state feeding the anionic form in an activated process. Finally there is no corresponding rise time of the 508 nm emission, unlike that seen for wtGFP. 16, 17 We propose therefore, on the basis of both the undetectable A* emission in gated fluorescence with 4 ps time resolution and the absence of A* related modes in 11 . Representation of the proposed potential energy surfaces for wtGFP (A) and S65T/H148D GFP (B). In wtGFP the phenolic OH bond is shorter, and the acceptor is remote. In S65T/H148D the donor and acceptor are close, yielding the low barrier and flat potential surface. On excitation, wtGFP forms A* which converts to I* via a barrier on the picosecond time scale. In S65T/H148D the transfer is barrierless and occurs in <1 ps. The I* state thus formed is vibrationally hot and cools to form the emissive state. The hot state may also access a nonradiative part of the potential energy surface.
TRIR with 400 fs time resolution, that A* does not fluoresce significantly but is quenched on a subpicosecond time scale with a major fate being ESPT. A consequence of the ultrafast proton transfer is the formation of a vibrationally hot excited-state population in the initial I* state. This is proposed to be the source of the higher energy emission, which relaxes as the excited state cools on the picosecond time scale through vibrational energy transfer to the protein matrix. A time scale of 10 ps is typical for vibrational cooling.
The distinction between absorption and excitation spectra (Figure 2) suggests a further level of complication in the photophysics of S65T/H148D GFP. The enhanced emission from the directly excited B state is explicable either because A* has an additional decay route competing with ultrafast ESPT or because the vibrationally hot I* state can transform into a nonradiative conformation which is not accessible from B*. In either case, it suggests a new degree of control over the fluorescence emission of GFP mutants.
These ideas are summarized in a representation of the reaction coordinate associated with the proton-transfer reaction shown in Figure 11 . To a certain extent the picture used here is borrowed from extensive investigations of excited-state intramolecular proton transfer, which has been studied in the condensed and gas phase for a number of systems. [35] [36] [37] These ideas can be extended to intermolecular proton transfer in the case of proteins because the structure of the protein holds the reaction partners in place, whereas in solution they would be free to diffuse apart. Significantly, it is this feature of S65T/ H148D GFP photophysics which makes it suitable as a model system to study low-barrier or barrierless proton-transfer reactions in proteins. In intramolecular systems the proton transfer may occur on a subpicosecond time scale and be insensitive to hydrogen/deuterium exchange, 38 a situation mirrored for the intermolecular (in the sense of chromophore to D148) protontransfer reactions that occur in the GFP double mutants.
In Figure 11 the proposed reaction coordinates for wtGFP and double mutant proton transfer are contrasted. For wtGFP the multistep proton relay reaction is represented by a single effective barrier between the chromophore donor and the E222 acceptor, since the precise shape of the reaction coordinate is not known. The key factor is that there is a significant barrier to proton transfer in the ground state such that the A form is the most stable. In S65T/H148D the distance between the O atoms in the donor chromophore and the acceptor is far shorter than any of the distances between O atoms along the H-bond network in wtGFP. Even if the donor-acceptor proton affinity are unchanged, this has the effect of producing a lower barrier, stretching both the OH bond of the chromophore and probably modifying the CdO of the acceptor. The lower barrier will in turn imply that a greater range of distances are accessible to the OH bond at a given temperature, possibly contributing to the observed broadening of the chromophore phenyl mode. In the figure the pK a for the donor and acceptor are assumed unchanged, so the proton nevertheless remains localized on the chromophore, such that it remains in the A state. It should be emphasized that Figure 11 is a simplified one-dimensional representation of what is in reality a multidimensional surface.
Indeed theory and experiment for the intramolecular case show that the probability of proton transfer is likely to be modified by vibrational modes which modulate the distance between the O atoms involved. 35 Upon electronic excitation, the pK a of the chromophore is reduced. 39, 40 In the case of wtGFP the effect is to make the anionic I* form more stable. However, the proton transfer proceeds from A* to I* through a barrier, leading to the observed picosecond lifetime of the A* and its sensitivity to isotopic exchange. The effect of the same pK a change for the S65T/ H148D is to make the proton transfer barrierless, such that the I* state is reached on a subpicosecond time scale after excitation of A*, essentially by a translation of the proton between the two O atoms. This mechanism is consistent with the absence of deuterium isotope effect and the prompt rise of the 508 nm emission observed. It is our proposal that the similarity of the initial and final structures, suggested by the absence of a product-state contribution in the TRIR spectra, is also consistent with the strong low-barrier H-bond formed in the ground electronic state.
The subpicosecond proton transfer means that reaction occurs faster than the excess energy can be dissipated, and thus the initial I* state is formed vibrationally hot. The hot initial state may either transform to a nonradiative state (accounting for the relative inefficiency of emission from A* excitation compared to direct B* excitation) or cool on a 10 ps time scale. Vibrational cooling results in the narrowing of the emission spectrum with time and the observation of a fast component on the blue edge of the time-resolved fluorescence spectra.
Although somewhat speculative, this model is consistent with the range of experimental observations reported. Of course the potential energy surfaces displayed need to be supported by detailed high-level quantum chemical calculations. Even if such surfaces become available (in itself, a challenging objective), the subsequent calculation of the ultrafast rate coefficients will require nonequilibrium dynamics calculations.
Conclusions
The observed recovery of ESPT in S65T and E222Q GFP through the incorporation of a proximal proton acceptor indicates that multiple pathways of proton transfer in GFP proteins are possible. While proton transfer in wtGFP occurs along a H-bond network, culminating with the protonation of E222, 19 proton transfer in S65T/H148D and E222Q/H148D instead occurs directly from the chromophore to D148. This is made possible by the pre-existence of a low-barrier or barrierless H-bond between the phenol group of the chromophore and the side chain of aspartate. These results demonstrate the capability of control over the pathway of proton transfer in GFP through mutagenesis. Importantly, this sets the scene for using GFP mutants as a model system for understanding the molecular basis for proton transfer in biological systems.
